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Action Observation EEG Task. This task was adapted from a previous study (Puzzo 168 et al., 2011) and was used to measure sensorimotor mu/alpha and beta desynchronization 169 during hand action observation compared to static hand observation as a proxy of the hMNS. 170
First, participants performed a resting EEG for 2 minutes, which involved fixating on a central 171 cross on a grey screen. After a self-directed break, participants performed the action 172 observation task that contained 60 experimental trials. Stimuli consisted of seven different 173 video clips depicting a static hand or various hand actions: cutting a piece of paper with 174 scissors, ringing a bell, dialling a number on a mobile phone, clicking fingers, locking a door 175 with keys, and crumpling a piece of paper. Trials consisted of a 1000ms fixation cross, then a 176 3000ms video clip, ending with a 1000-3000ms blank screen (the inter-trial interval was 177 variable to prevent expectancy effects on mu rhythm). Each of the six hand action video clips 178 was shown five times with a total of 30 hand action trials. The static hand video clip was 179
shown 30 times with a total of 30 static hand trials. Trials were presented in a randomised 180
order. There was a break halfway through the observation task, the duration of which was 181 directed by the participant. The questionnaires were scored to gain a total empathy score (maximum = 80) with a low 197 were sampled at 1000 Hz, and electrode impedance was kept below 10kΩ. 214
Prior to segmentation, a vertical ocular calculation was applied (1*Fp2+(-1*VEOG)). 215
All data were re-referenced to a common average reference. EEG and EOG activity were 216 band-pass filtered (0.1-70 Hz, notch filter at 50Hz). Data were visually inspected for noisy 217 sections or channels, and for other general artifacts. EEG activity containing blinks was 218 corrected using a semi-automatic ocular ICA correction approach (Brain Vision Analyzer 2.1). 219
An average of 3 ICA components were removed per individual dataset. 220
The 2-minute resting EEG data was then cut in to 2s epochs (starting 0-2000ms). 221
Semi-automatic artifact detection software (Brain Vision Analyzer 2.1) was run, to identify and 222 discard segments with non-ocular artifacts (drifts, channel blockings, EEG activity exceeding 223 ± 50µV). A fast-fourier transformation, with 10% Hanning window, was then applied to each 224 segment. The average alpha (8-13 Hz) and beta power (13-35 Hz) at rest was then calculated 225 across all artifact-free segments for each electrode of interest. There was an overall data loss 226 A c c e p t e d M a n u s c r i p t RUNNING TITLE: SENSORIMOTOR MU ACROSS THE LIFESPAN of 5.24% for the resting EEG, with an average of 57 (out of 60) baseline segments retained 227 per participant. 228
The action observation EEG task trial data segments (hand action and static hand) 229 were cut into 2s epochs (500-2500ms from stimulus onset). Semi-automatic artifact detection 230 software (Brain Vision Analyzer 2.1) was run, to identify and discard segments with non-231 ocular artifacts (drifts, channel blockings, EEG activity exceeding ± 50µV). A fast-fourier 232 transformation, with 10% Hanning window, was then applied to each segment, and the signal 233 was averaged for each condition and electrode. There was an overall data loss of 6.02% for 234 the hand action trials and 6.49% for the static hand trials, with an average of 28 (out of 30) 235 trial segments retained per participant. 236
The average mu/alpha (8-13Hz) and beta (13-35Hz) power for each condition was 237 calculated for the electrodes of interest over the central (C3, Cz, C4) and occipital electrodes 238 (O1, Oz, O2). This allowed us to test whether changes in mu and beta desynchronization over 239 central sites were distinct from alpha and beta desynchronization over occipital sites (Hobson 240 & Bishop, 2017) . A measure of the percentage change in power for each condition (test: hand 241 action or static hand) and the resting EEG as a reference period (reference) was calculated 242 for each electrode of interest for both alpha and beta bands, using the formula: (reference-243 test/reference) x 100 (Puzzo et al., 2011) . Any outlier data points were excluded for both 244 alpha and beta desynchronization values (+/-3SD from the mean). Data from electrodes C3, 245
Cz and C4 were averaged for the central electrode site, and data from electrodes O1, Oz and 246 O2 were averaged for the occipital electrode site. Positive values indicate alpha and beta 247 desynchronization and negative values indicate alpha and beta synchronization. 248
Statistical Analysis 249
All statistical analyses were conducted in R version 3.5.0. The data and code are 250 available at osf.io/z2ndf. To investigate alpha and beta desynchronization during the action 251 observation EEG task, two 2 x 2 repeated measures ANOVAs were performed, with condition 252 (hand action, static hand) and electrode site (central, occipital) as within-subject variables, 253 and alpha and beta desynchronization values as the dependent variables. Post-hoc paired-254 samples t-tests (two-tailed) were conducted to investigate the source of significant 255
interactions. 256
A c c e p t e d M a n u s c r i p t (3) physical score for Strange Stories, and (4) total score in the EQ. If a curvilinear model 272 provided the best fit, then the curve was examined with a series of linear regressions to 273 further describe the relationship with age. Finally, two multiple regression models were 274 conducted to examine whether age and the social cognitive measures are related to the alpha 275 and beta desynchronization during the action observation EEG task. These models specified 276 alpha/beta desynchronization across the central electrodes as the outcome variables, and 277 age, RMET, ToM and physical score in Strange Stories, EQ total as predictor variables, and 278 alpha/beta desynchronization across the occipital electrodes as a covariate. 279
Results

280
Action Observation 281 
Relationship with Age and Social Cognition 300
To more closely examine changes in the modulation of sensorimotor mu 301 desynchronization to action observation over the lifespan, a series of regression models 302 tested linear and curvilinear relationships between alpha/beta desynchronization and ageA c c e p t e d M a n u s c r i p t RUNNING TITLE: SENSORIMOTOR MU ACROSS THE LIFESPAN (see Table A for model comparisons). This was repeated for each social cognition measure to 304 further examine social cognition across the lifespan. Finally, a multiple regression was 305 conducted to investigate the relationship between alpha/beta desynchronization, age, and 306 social cognition, whilst accounting for activity over the occipital electrodes. 307
To examine changes in alpha/beta desynchronization, a difference score was 308 M a n u s c r i p t
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Discussion 355
The present study is the first to explore sensorimotor mu rhythm during action 356 observation from late childhood through to old age. Three-hundred and one individuals aged 357 10-to 86-years-old observed short video clips depicting hand actions or a static hand, and 358 mu/alpha (8-13Hz) and beta (13-35Hz) desynchronization were used as an EEG marker of 359 mirror system activity across the sensorimotor cortex. Results revealed greater alpha and 360 beta desynchronization across the sensorimotor cortex during hand action observation 361 compared to static hand observation, in support of our predictions. 362 Importantly, our study is the first to explore the developmental trajectory of the mirror 363 system from 10 years old through to 86 years old in a sizable sample. Analyses revealed a 364 greater percentage change in the alpha power band over the central electrodes to hand 365 action observation from 10 to 86 years old. In contrast, the percentage change in beta power 366 over the central electrodes to hand action observation did not change through adolescence, 367 but increased from 18 to 60 years old, then decreased in older age. These differential 368 patterns over age for sensorimotor alpha and beta rhythms to observing actions suggest that 369 these rhythms have distinct developmental trajectories. These distinct developmental 370 trajectories likely reflect the dissociable, but complementary, processes underlying the two 371 rhythms, with the alpha rhythm suggested to be related more to sensory processing and beta 372 rhythm related more to motor processing (Ritter et Crucially, our findings also suggest that the reactivity of the sensorimotor mu rhythm 388 to action observation continues to change beyond adolescence, throughout adulthood and 389 into older age. This enhanced sensorimotor alpha/beta rhythm into older age parallels that 390 seen in previous research that has found over-activation of motor areas during action 391 emerges incrementally throughout adulthood, and is not tied specifically to the onset of old 394 age (typically considered 65 years old plus). This related research interprets the increased 395 activation in older age either as a compensatory aging mechanism, or as detrimental in 396 nature (Ward, 2006) . The compensatory account proposes that advancing age leads to 397 increasing compensatory activity to maintain task performance, whereas the detrimental 398 account proposes that advancing age leads to greater activity that causes poorer task 399 performance. Our findings suggest that while sensorimotor mu desynchronization during 400 action observation clearly increases through adulthood and into older age in the alpha band, 401 activity in the beta band actually decreases from 60 years onwards. As such, the current data 402 only provides partial support for these existing accounts, and suggests that any 403 compensatory or detrimental activity reaches a peak around the onset of old age. It is also 404 interesting to note that the static or declining mu desynchronization observed here in in older 405 age would have been occluded in a group comparison design (e.g. showed an improvement from adolescence through to adulthood with a peak at 30 years old, 433 a decline to 70 years old, and no further change in old age. In contrast, the control stories 434 from the Strange Stories did not show a relationship with age, suggesting that age effects in 435 this task are specific to social inferences and do not simply reflect a general decline in 436 memory. Taken together, our social cognitive findings support research that has reported 437 behavioral declines in older age in the understanding of complex emotions and mental states 438 (Henry et al., 2013) and contrasts with research that has reported no age-related differences 439 in empathy capacity (Beadle et al., 2012; Grühn, et al., 2008) . Therefore, this study adds to 440
the literature as we demonstrate distinct developmental trajectories of different social 441 cognitive processes that is occluded in past research that has used group comparison 442
designs. 443
A c c e p t e d M a n u s c r i p t RUNNING TITLE: SENSORIMOTOR MU ACROSS THE LIFESPAN Importantly, we also explored whether increasing age and these higher social 444 cognitive processes are related to the functioning of the mirror system. Increasing alpha 445 desynchronization to action observation was related to increasing age, but was not related to 446 any measure of social cognition, after controlling for desynchronization over the occipital 447 cortex. Increasing beta desynchronization over the sensorimotor cortex to action observation 448 was related to increasing age and theory of mind ability, after controlling for 449 desynchronization over the occipital cortex. This indicates that there is an age-related change 450 in alpha desynchronization that does not map onto a behavioral change in the social cognitive 451 components tested here. In addition, this finding suggests that sensorimotor processes and 452 distinction between mirror processes and social cognitive processes in the current study may 462 be due to the degree of inferential processing needed to understand the actions, i.e., the 463 familiar actions used here would be automatically mapped on to the person's motor repertoire 464 to understand the actions with little to no input from the mentalizing system, whereas the 465 mirror system may be dependent on the mentalizing system when inferring the purpose of an 466 action is more difficult, such as for understanding unfamiliar hand actions. One challenge for 467 future work is to identify the degree of inferential processing needed to understand different 468 types of actions, particularly from an aging perspective. For example, we find that mentalizing 469 abilities decrease throughout adulthood, and as such, we would predict increased difficulties 470 with age in action understanding for actions with greater levels of inferential processing (e.g., 471
unfamiliar versus familiar actions). 472
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The finding that theory of mind ability predicted beta desynchronization, but not alpha 473 desynchronization, has interesting implications for the specificity of the relationship between 474 mirror system development and social cognitive skills. Though we acknowledge that the effect 475 size for the relationship is small even in the beta rhythm, we consider how this difference 476 might relate to the different underlying processes that each rhythm is likely to reflect. 477
Specifically, it has been suggested that beta desynchronization to the observation of an 478 action reflects the activity of the motor cortex that guides motor preparation and selection, 479
and supports the understanding of complex actions (Ritter et al., 2009 ). Therefore, a better 480 understanding of other people (i.e., theory of mind) may be related to better understanding of 481 goal-directed actions of other people, resulting in greater activity of the motor cortex during 482 action observation. This is a tentative link that requires further investigation as we note that 483 the current study mapped behavioral changes in a small set of general social cognitive 484 processes using diverse measures and paradigms onto putative EEG markers of the mirror 485 system. Future research should investigate how more specific motor skills map onto the 486 functioning of the mirror system across the lifespan, preferably using a range of tasks that 487 we note that the current study did not include an action execution condition. This would be an 506 interesting future avenue of research to investigate whether a comparable age-related 507 increase in mu desynchronization is seen during execution (Marshall & Meltzoff, 2011) . 508
Secondly, we report EEG activity from multiple electrode sites, including both central and 509 occipital sites. We note that it is unlikely that the mu desynchronization effect in our study 510 reflects differences in attentional demands between conditions (Bazanova & Vernon, 2014) . 511
In line with Hobson and Bishop (2017a), we compared mu/alpha and beta desynchronization 512 over central and occipital electrode sites. Although there was an indication of occipital alpha 513 suppression, a different pattern of results emerged for central mu suppression that 514 corresponded with the results for beta desynchronization. In addition, increasing age 515 remained related to the action-static difference in mu desynchronization over the central sites 516 when accounting for the difference at occipital sites. 517
Finally, we acknowledge the possibility that the increase in mu desynchronization in 518 the current study could be influenced by the observation of transitive actions in the hand 519 action condition compared to no actions in the static hand condition, or the presence of 520 objects in five out of six hand actions compared to the absence of objects in the static hand 521 condition. However, we do not believe that these low-level differences are driving 522 sensorimotor effects seen here for a number of reasons. Influential findings have indicated no 523 difference in mirror system activation for transitive versus intransitive actions (e.g., Press, 524 Bird, Walsh & Heyes, 2008), with no moderating effect on the mu rhythm for object versus 525 non-object directed stimuli (Fox et al., 2016) . Moreover, the mirror neuron system is activated 526 during the observation, imitation and production of both object-directed and (non-object) 527 communicative hand gestures (Montgomery, Isenberg & Haxby, 2007) . The mere presence of 528 objects does not lead to mu desynchronization (Perry & Bentin, 2009) , and mu 529 desynchronization has been shown to be greater when observing moving hands than when 530 observing static hands, moving objects, or static objects (Pfurtscheller et al., 2007) .
A c c e p t e d M a n u s c r i p t RUNNING TITLE: SENSORIMOTOR MU ACROSS THE LIFESPAN rhesus macaque monkeys' respond to the observation of both transitive and intransitive 533 actions, and these discharge differences are correlated with the kinematic differences of the 534 actions, not with the objects' features. This suggests that mirror neurons code the kinematics 535 of actions and can detect subtle differences, suggesting that they have a role in encoding the 536 goals of actions. 537
Conclusion 538
We explored the developmental trajectory of the mirror system and social cognitive 539 processes from 10 years old through to 86 years old in a large sample of healthy individuals. 540
We show for the first time that sensorimotor activation to action observation continues to 541 increase throughout adulthood, with additional changes in older age. A functional mirror 542 system is apparent from adolescence through to older age, but this is still maturing during 543 adolescence. Moreover, an increase in sensorimotor activation to observing actions across 544 adulthood was observed, which may reflect increasing experience with hand actions, 545
suggesting that the mirror system continues to specialize for action observation throughout 546 adulthood. Emotion recognition, theory of mind and empathy showed distinct developmental 547 trajectories; these behavioural changes did not map onto alpha desynchronization elicited 548 during action observation, although beta desynchronization during action observation was 549
shown to be related to theory of mind ability. These distinct patterns illustrate specificity in the 550 relationship between mirror system development and social cognitive skills. 551
In general, studies have largely overlooked middle-aged participants when 552 investigating sensorimotor processes related to the mirror system and social cognitive 553 processes, with studies either focussing on infants and children, student populations, or 554 comparing dichotomous groups of young versus older adults. The findings of the current 555 study highlight the importance of studying this age group, with measurable changes in both 556 sensorimotor activation and social cognitive processes throughout adulthood. Overall, our 557 findings indicate that the activity of the mirror system increases throughout the lifespan with 558 measurable changes into older age that are independent from social cognitive processes. 559 
